Fatigue failure processes in metallic materials are closely related to the evolution of strain localisation under cyclic loading. Characterisation of this strain localisation is important in understanding the mechanisms of fatigue crack initiation and propagation, and provides critical validation data to develop appropriate crystal plasticity models for prediction of these processes. In this study, strain localisation during fatigue crack initiation and early crack propagation in an advanced Ni-based superalloy for turbine disc application has been characterised at the grain level with a sub-micron resolution by digital image correlation on SEM images using secondary γ' themselves as the speckle pattern. The obtained full-field strains have been analysed in global coordinates associated with the applied loading direction and in terms of the local coordinates associated with individual slip bands. Deformation arising from in-plane and out-of-plane dislocation slip can be identified by a combination of shear strain ɛ xy and transverse strain ɛ yy in the local slip band coordinates in combination with EBSD analysis. Cracks preferentially initiate from slip/strain bands adjacent and parallel to twin boundaries and then propagate along the slip/strain bands, leading to the onset of significant transverse strain ɛ yy in the local band coordinates as a consequence of crack opening. Crack propagation is closely related to strain accumulation at the crack tip which is determined by the grain orientation and grain size. Transverse strain ɛ yy in local slip band coordinates together with the inclination angle between dislocation slip direction on an activated {111} plane and the slip trace of this {111} plane at the specimen surface is proposed to be a cracking indicator/fracture criterion.
Introduction
Powder metallurgy (PM) Ni-based superalloys have been widely used for high pressure disk rotor applications in aeroengines due to their excellent combined properties, i.e. high strength at elevated temperatures, good resistance to fatigue, creep, oxidation and corrosion [1] [2] [3] . Among all the properties of PM Ni-base superalloys for disk applications, fatigue resistance is one of the most important, often limiting the overall service life. It is generally accepted that fatigue crack initiation and short crack growth processes are important to optimise as they contribute to the majority of fatigue life of a turbine disc during service. This is due to the high overall component stresses which results in a relatively small extent of fatigue crack propagation prior to fast fracture and thereby limits the fatigue life dependency to the fatigue crack initiation and short crack growth regime [4] [5] [6] [7] [8] . In the course of service, disc alloys are subjected to complex loading conditions across the disc section at a temperature range of 400 o C -750 o C, which usually results in intragranular fatigue crack initiation at the disc bore where the material is subjected to lower temperatures but higher stresses [8] [9] [10] [11] and intergranular fatigue crack initiation at the disc rim due to stress/strain assisted grain boundary oxidation at higher temperatures [12] [13] [14] [15] . Extensive studies have shown that fatigue crack initiation is usually found at slip bands/crystallographical facets [8, 11, 16] , pores [4, 17] and especially twin boundaries (TBs) [8, 16, 18] at the relatively lower temperatures in the disc bore region. This is closely related to the intrinsic deformation behaviour of the disc alloys with insignificant/limited environmental damage. Once a crack initiates, it is observed to propagate along a crystallography facet or grain boundary (GB) in the early stages of crack growth, with a strong interaction with microstructural features. This is also affected by the loading conditions and the development of the plastic zone/accumulated strain at the crack tip [4, 5, 10, 16, 19] .
Significant efforts have been made by many researchers to understand the mechanisms of these fatigue cracking processes under a wide range of different loading conditions via experimental studies [4, 6, 8, 10, 11, 16] and to predict the crack initiation and propagation in disc alloy/components using crystal plasticity finite element (CPFE) models [20] [21] [22] [23] [24] [25] . To understand these fatigue failure mechanisms and to develop and validate these CPFE models, one missing requirement has been the quantitative assessment of the actual localised strains at the grain level and their dependency on grain orientation and the neighbouring grains/microstructures under the relevant in-service temperatures and loading conditions [21, 22, 25, 26] . However, quantitative measurement of full-field strain distribution at a grain level is still quite challenging. For instance, accumulated inelastic strain at the crack tip has been used as a fracture criterion in a CPFE model to predict crack propagation in disc alloy RR1000 based on Karabela's study [21] , but the experimental validation of the accumulated inelastic strain at a grain level at the crack tip is still not in place, which limits the further development of these CPFE models.
Although X-ray and neutron diffraction have been well established to measure the elastic strains in materials, this averages out the information in the whole activated volume [27] [28] [29] [30] .
Recently, electron backscatter diffraction (EBSD) has been developed to characterise the residual elastic strain with a high spatial resolution based on the shift of the zone axis of Kikuchi pattern in the materials/specimen due to the improvement of angular resolution during sampling of the Kikuchi pattern [23, [31] [32] [33] [34] [35] [36] . Meanwhile, the geometrically necessary dislocation (GND) distribution can also be calculated based on the lattice curvature [32, 35, 36] . This technique appears to be valuable to capture the small levels of residual elastic strains, especially in the single crystal material, in which the reference Kikuchi pattern can be chosen from far field strain-free regions and is applicable to whole sampling area. In terms of polycrystalline alloys however, this incurs a problem of choosing the reference Kikuchi pattern due to the misorientation between different grains. The chosen reference Kikuchi pattern within the sampling area in the polycrystalline alloys is essentially in an unknown strain state (although normally the reference pattern is chosen from the least deformed region) [35] [36] [37] . As a consequence of the "reference pattern problem", the measured residual elastic strain only represents the relative deformation within the same grain in polycrystalline materials. In addition, this technique is unable to capture a larger plastic strain field.
Although the global strain is usually small in fatigue testing, the localised strain at certain microstructural features, e.g. GBs and TBs, can be much higher than the global strain [9, 38, 39] . Therefore, other complementary techniques are needed to characterise the localised strain evolution during the fatigue cracking process.
Digital image correlation (DIC) is a well-established and robust tool used to measure fullfield in-plane strain by correlating a random speckle pattern in images taken before and after deformation [26, [38] [39] [40] [41] [42] [43] [44] [45] [46] . A displacement field is initially obtained via this image correlation process, and then a strain field can be derived through numerical differentiation. Generally, the images used for DIC are captured by an optical camera, which means that it is not possible to achieve sub-micron resolution at a grain level in polycrystalline disc alloys with grain sizes between 10-50 µm [39, 41, 44, 45, 47] . By using scanning electron microscopy (SEM) to take the images for DIC, the pixel resolution can be significantly improved, thus allowing the characterisation of strain distribution at the grain scale, although the process of SEM imaging itself may cause additional error/noise (i.e. time varying distortion due to image drift at high magnification and spatial distortion at low magnification) due to beam rastering when taking an image [26, 38, 43, [48] [49] [50] [51] . Even though in SEM the pixel resolution of the images used for DIC is compatible with the grain size, the obtained strain resolution is still inherently limited by speckle size [47] . As a general rule, a DIC subset needs to contain at least three speckles, therefore, very fine speckles need to be produced for SEM-DIC. In recent publications, Fabio Di Gioacchino et al. [26, 43] applied nanometer size gold particles on a stainless steel surface via a re-modelling process, and achieved a strain spatial resolution at the sub-micron scale in an ex-situ tensile test. They showed that the strain localisation exists in the form of bands (similar to slip bands) within grains under monotonic tensile loads.
This concentrated strain in bands was shown to be consistent with the slip traces of the {111}<110> slip systems expected based on a combined analysis with EBSD. Stinville et al. [9, 38, 52 ] also achieved a similar strain resolution at sub-micron scale in a Ni-based superalloy using secondary γ' as a natural speckle under tension and compression loading, and found that strain localised at the slip bands adjacent and parallel to TBs. However, all these studies using SEM-DIC to investigate strain localisation were mainly conducted under monotonic loads, few studies have been carried out under cyclic loading which may involve the slip reversal associated with back and forth dislocation movement [53] . This is clearly different from the deformation seen under purely monotonic loading. In addition, the interpretation of the axial, transverse and shear strain levels in these studies under monotonic loading was performed only in the global coordinates associated with the loading direction, which cannot directly link the obtained bands of concentrated strain to the crystallography of the investigated materials and dislocation slip behaviour, although the slip traces of {111}<110> slip systems and Schmid factor (SF) analysis were carried out based on the EBSD investigation of grain orientation.
In the present study, strain localisation at the grain level with a sub-micron resolution during fatigue crack initiation and early crack propagation regimes in an advanced disc alloy, i.e. Low Solvus, High Refractory (LSHR) alloy, has been investigated by SEM-DIC using secondary γ' as the speckles at room temperature. The strain development/increment at each interruption throughout an interrupted fatigue test has been captured. Annealing twins are a pertinent microstructural feature in PM Ni-based superalloys. Our previous studies and studies by other groups have shown that cracks mainly initiate at TB or in slip bands adjacent and parallel to TB in large twin-containing grains with high SF [8, 16, 38] . Strain accumulation at/nearby TBs under cyclic load is therefore of particular interest to the present study. The obtained strain field has been analysed in both the global coordinates associated with the loading direction and the local coordinates associated with individual slip band to provide insights of the damage arising and evolving from dislocation slip under cyclic loading. Applicability of the transverse strain in the local slip band coordinates along with the inclination angle between dislocation slip direction on {111} plane and slip trace (i.e. intersection line of {111} slip plane on the specimen surface) as a cracking indicator has been discussed.
Materials and experimental procedures

Materials
The LSHR alloy used in this study was provided by NASA. Composition (in wt.%) of the LSHR alloy is 12.5Cr, 20.7Co, 2.7Mo, 3.5Ti, 3.5Al, 0.03C, 0.03B, 4.3W, 0.05Zr, 1.6Ta, 1.5Nb, Ni bal. Specimens used for short crack fatigue tests were extracted from a turbine disc which was fabricated by canning atomized LSHR alloy powder followed by hot isostatically pressing, extruding and isothermally forging. The extracted specimens were supersolvus heat Table 1 as reported in our previous study [3] . 
Fatigue tests
Fatigue tests were conducted on plain bend bar (4 mm × 4 mm × 55 mm) specimens under three point bend loading on an Instron 8501 hydraulic testing machine at room temperature with a 20 Hz sine waveform and a load ratio of 0.1. The distance between the top two rollers is 40 mm with a roller located at the bottom at the mid-point. The applied load was chosen to produce a maximum total strain of ~0.007 (or maximum plastic strain of ~0.0015) on the top central surface based on a finite element elasto-plastic simulation. The set-up of the three point bending test is schematically shown in Fig. 1 Fig. 1 (b) . EBSD measurements were also used to calculate and plot the slip traces of {111} planes in the investigated grains. Seven areas which contain large grains with high SF and a twin boundary were chosen for the study of strain localisation in the crack initiation regime. The chosen AOIs for study of strain localisation are highlighted in Fig. 1 (b) . To evaluate the strain localisation processes at the crack tip during crack propagation, notches were introduced into the top central surface in another specimen by focussed ion beam (FIB) and thus acted as artificial cracks to overcome the uncertainty of capturing the natural crack initiation sites, so as to have specific areas for SEM-DIC investigation of strain accumulation at the crack tip during crack propagation. Two FIBed notches with a dimension of 30 µm × 1 µm × 10 µm were made along the twin boundary, one was in large grain with high SF, and the other was in small grain with relatively low SF, which to provide insight into the influence of grain size and orientation on strain localisation and crack propagation.
The prepared notches and the associated AOIs are shown in Fig. 1 (c) .
After identifying the AOIs, the specimens were etched in Kalling's reagent for 30 s to reveal secondary γ' to provide a speckle pattern with good contrast for SEM-DIC analysis.
Reference images were taken at the AOIs using a JEOL field gun emission SEM JSM6500F under the backscatter electron imaging (BEI) mode before the fatigue tests. The SEM imaging parameters used are shown in Table 2 following guidelines proposed by the literature [43, 48, 49, 51] . It should be mentioned that a relatively lower magnification (i.e.
2500×) was used in the specimen without FIBed notches to sample a larger area to allow the capture of sufficient crack initiation events, whereas a relatively higher magnification (i.e. 5000×) was employed in the specimen with FIBed notches to better detect the crack propagation processes. The morphology of secondary γ' (i.e. speckles for DIC) at these two magnifications is shown in Figs. 1 (d) and (e) respectively. Once the reference images were taken, fatigue tests were conducted and interrupted after certain loading cycles to capture the SEM images in the ex-situ (unloaded) deformed AOIs. The load cycling history of each set of specimen observations is summarised in Table 3 . 2000 cycles→7000 cycles→12000 cycles→16000 cycles→20000 cycles→21000 cycles→23000 cycles→25000 cycles→28000 cycles→31000 cycles-LSHR with notch 6000 cycles →10000 cycles →13000 cycles, and then every 1000 cycles until 28000cycles
DIC analysis
DIC analysis was carried out using MatchID commercial software. To better understand the obtained strain fields, noise assessment of the background strain induced by electron beam drift distortion and errors caused by electron beam re-positioning during SEM imaging was first assessed by pairs of consecutive stationary images. Noise assessment was performed at both magnifications of 2500× and 5000×. Due to the ex-situ nature of the tests, the specimens had to be placed back into the SEM after ex-situ load cycling for each observation. Hence the strain noise arising from the successive re-positioning and observations of the specimens in A step size of 7 pixels was used in both cases. This is a compromise between larger step sizes which are computationally efficient and smaller ones which would capture the local strain peaks more accurately. The zero-normalized sum of squared differences (ZNSSD) criterion, which accounts for offset and scaling in intensity variations of the investigated images, was adopted to perform the correlation in order to exclude the effects of contrast difference in the SEM images taken at different observation times. Deformed images were interpolated using a bicubic spline interpolation algorithm to obtain subpixel accuracies in the displacement calculation. Quadratic shape functions were used to expand the displacement field in the subset. This is a better choice than linear shape functions, as demonstrated in [54] and leads to enhanced spatial resolution. Once the displacement field was calculated, the Logarithmic Euler-Almansi strain fields were derived by performing a local bilinear polynomial fit in MatchID using a window of 3 x 3 data points (or a 'strain window' of 3). The smallest possible strain window was selected here to enhance spatial resolution at the cost of strain resolution. To document the effects of the employed DIC parameters on the obtained strain fields, Fig. 2 shows the ɛ xx strain maps in a small region within AOI 3 after 2000 loading cycles. The reference map is (a) with a subset size of 21, a step of 7 and a quadratic shape function. Changing the subset size to 15 (b) does not change the strain map significantly, and this is about the smallest subset that is feasible with the current configuration. However, changing the step size to 1 has a significant effect, increasing background noise but also providing larger localized peak strains. The Virtual Strain Gauge size, or VSG, represents the number of horizontal or vertical image pixels used to get a strain value, calculated as: VSG=(SW-1)*ST+SS where SW is the strain window as defined above, ST is the step size and SS is the subset size [55] . So the smaller the VSG, the larger the noise and the better the spatial resolution. Interestingly, the change of VSG between (a) and (b) is the same as that between (b) and (c) so clearly, the VSG is not a 100% accurate representation of the level of filtering of the data. From the use of simulated deformed speckle images encoding a sinusoidal displacement, it was found that the step size had a major effect on where the maximal strain was sampled [55] . This is the effect that can be seen between (a) and (c).
Finally, a parameter that is often overlooked in DIC studies is the shape function. This is the function that is used to expand the deformation of a subset. Even though it has been demonstrated long ago that quadratic shape functions were largely superior to linear ones [54] , most commercial DIC codes still use linear shape functions. Looking at the difference between maps (a) and (d), the major effect of the shape function choice is clearly illustrated.
Based on this analysis, it was chosen to keep a subset of 21 pixels, a step of 7 and a strain window of 3. Peak strains would have been better captured with a step of 1 but these calculations are rather computationally intensive and since the current article will only make use of the data in a qualitative way, it was felt that this was appropriate. However, if such data were used for more quantitative assessments, then clearly a step of 1 would be necessary.
Finally, all images show vertical stripes. These are spurious and specific to ex-situ SEM-DIC artefacts and will be documented further in Section 3.1. Since the deformation localizes in bands in these materials, the strains in the global specimen axes does not allow discrimination between shear bands and cracks. To do so, the strain fields will be rotated in the local coordinate system associated with each considered band. This is a novelty compared to a recent similar study [38] where only global coordinates were considered. Moreover, to represent the shear strains in a field of view containing bands of different orientations, the maximum shear strain will be considered. This is the radius of Mohr's circle and is independent of the coordinate system. Therefore, readings of maximum shear strains can be quantitatively compared between bands of different orientations. The maximum shear strain is given by the following equation:
Results
Noise assessment of SEM-DIC
The noise assessment indicates that the background strain noise is on a level of ~±1% for the image pair taken during the same observation session in the SEM at either 2500× or 5000×, but it should be noted that re-positioning the specimens into the SEM may cause additional errors/noise as shown in Fig. 3 . The left column in Fig. 3 displays the background noise obtained from the stationary image pair without re-positioning the specimen in the SEM. A random strain noise distribution can be seen in all the strain maps (ɛ xx, ɛ yy, ɛ xy and ). The strain noise obtained from the image pair before and after re-positioning the specimen in the SEM (as shown in the right column in Fig. 3 ), is larger with a clear systematic pattern, i.e. vertical strain bands in the ɛ xx map, horizontal strain bands in the ɛ yy map and a grid pattern in the map, and the strain noise level can be up to ~3%. It seems that re-positioning the specimen in the SEM has no apparent influence on ɛ xy . These vertical and horizontal strain bands are usually easy to recognize and hence do not significantly interfere with the identification of real strain localization events. A similar systematic noise pattern has also been seen at 5000×. Although the noise seems to be high compared the global strain achieved by the applied load, a high enough signal/noise ratio can still be achieved as shown in the following localised strain results. This is therefore still an effective and robust tool to investigate the strain localisation processes. However, because of the high localization of the strain in bands, the values have to be considered as a lower bound of the actual ones. Indeed, DIC acts as a low-pass spatial filter, by analogy, it is like developing a finite element model with a fixed element size (the subset size), hence not being able to check for convergence. This is partially documented in the discussion attached to Fig. 2 . Only increased magnification can eventually provide DIC convergence and actual strain values. This is a goal for future studies but in this case, artificial speckling will be necessary. to colour in this figure legend, the reader is referred to the web version of this article.
Strain localisation in the crack initiation regime
Strain localisation during the fatigue crack initiation regime in all the 7 selected AOIs (as shown in Fig. 1 (b) ) followed a similar pattern: strain localisation preferentially occurs in a large grain with high SF and adjacent and parallel to twin boundaries. In those grains with low SF, strain localisation is rarely seen, even though they also contain annealing twins.
However, it should be noted that the obtained strain is the residual strain due to the ex-situ nature of the fatigue tests and subsequent observations. Fig. 4 (a) presents the stitched BEI images of AOI 3 before the fatigue test. TBs are indicated by the yellow arrows, which can also be seen in Fig. 1 (b) . Slip traces of {111} planes in grains 1 and 2 are plotted out based on EBSD measurement and calculation. The tensile stress direction is horizontal (the X axis of the global coordinates). As shown in Fig. 4 (b) , strain accumulation adjacent and parallel to TB is indicated by the band of concentrated strain observed after first loading interruption, here denoted as strain band AB. Hereafter, this kind of strain accumulation showing features of a band of concentrated strain is termed a strain band (analogous to a slip band) for ease of description. Although the background strain noise can be as high as 3% (as shown in Fig. 3) due to the ex-situ nature of the SEM-DIC conducted in this study, a good signal/noise ratio can be obtained as shown in the map as the strains in the bands are much higher than 3%. With further loading cycles, new strain bands (e.g. strain band CD) parallel to the TB appear with increasing strain (Fig. 4 (c) ). These strain bands parallel to the TB are consistent with one of the calculated {111} slip traces and are associated with the slip system with the highest SF in the twin-containing grain, and terminate at grain boundaries. Apart from the prominent strain bands parallel to the TB, we can see another strain band (i.e. strain band EF) located in grain 2 which penetrates through the grain boundary as shown in Figs. 4 (b) and (c).
Strain distribution and evolution in strain bands AB and CD with successive loading cycles is shown in Figs. 4 (d) and (e) respectively, both of which show more severe strain localisation in the middle of the band at the centre of the grain. For strain band AB which is adjacent and parallel to the TB, it seems the strain saturates after the first test interruption (i.e.
2000 cycles) and no further increase in this residual strain value is seen in the following loading cycles. For strain band CD formed after 20000 cycles and parallel to TB, the strain increases continuously with the loading cycles until 28000 cycles, and then the residual strain shows a tendency of saturation at the end of the fatigue test (i.e. 31000 cycles). It appears that the strain is slightly higher in strain band CD than in strain band AB.
To allow better understanding of the nature of these strain bands, the strain are re-plotted in their own local co-ordinates. Fig. 4 (f) displays the strain bands parallel to the TB in their local co-ordinates. The X-axis is now parallel to the TB, and the defined coordinates are shown in Fig. 4 (f). It is found that these strain bands parallel to the TB show predominantly a shear nature indicated by the significant shear strain ɛ xy and low ɛ xx and ɛ yy . By more detailed observation of the strain band AB in the SEM, we can see sheared γ' precipitates in the strain band as shown in Fig. 4 (g) indicated by the arrows; this is a consequence of dislocation shear processes cutting the coherent γ'. It can also be discerned that the sheared γ'
precipitates are quite close to the TB. Strain distribution in strain band EF in its local coordinates is presented in Fig. 4 (h) . It is seen that strain band EF has a dominant ɛ yy strain component along with a much smaller ɛ xy value, which is quite different from the strain distribution seen in the bands parallel to the TB. But similar to the strain bands parallel to the TB, no apparent strain component of ɛ xx can be found in strain band EF in terms of its local
coordinates. The morphology of strain band EF is shown in Fig. 4 (i) . Unlike the strain bands parallel to TB, no sheared γ' is observed in plane. It appears that instead material extrusion can be discerned indicated by the contrast difference between the band and γ' in the SEM image obtained using the secondary electron signal. The same contrast difference is also seen in the BEI image. to the TB at early stages of the fatigue loading and the strain band IJ terminates at the grain boundaries (similar to strain band AB in Fig. 4 ). It appears that this impingment of strain band at the grain boundary does not cause a strain enhancement adjacent to the grain boundary. A semi-quantitative assessment of the evolution of maxium shear strain in the strain band IJ is shown in Fig. 5 (j) , from which we can see a slight strain increase after 20000 cycles after experiencing a saturation stage, and then a more evident strain increase after 23000 cycles. After the test was stopped at 31000 cycles, a significant strain increase can be discerned. This strain evolution behaviour is different from strain band AB as shown in Fig. 4 . This initial strain saturation and then increase in strain band IJ is asociated with the cracking in this (slip) strain band (i.e. formation of crack 1). More detailed analysis is presented in Fig. 6 and will be discussed later.
Another apparent feature in the maximum shear strain evolution maps is strain band MN in grain 5, which is associated with crack 2. It was found that this strain band developed continuously with loading cycles accompanied by the development of some secondary strain bands once it appeared. These strain bands are all parallel to the calculated slip traces of {111} planes based on EBSD measurement, but they are not all associated with the slip systems with high SF. It is also interesting to notice that there is no strain developed adjacent and parallel to the TB in this grain, indicating the influence of the relative orientation between the TB and the loading direction on strain accumulation/localisation, which is also indicated by the relatively low SF value in this grain. The evolution of strain band MN in grain 5 is closely related to the propagation of crack 2. As crack 2 propagates in grain 5 and strain band MN approaches the grain boundary between grain 5 and grain 3, a new strain band appears in grain 3 ( Fig. 5 (g) ). As the loading cycle proceeds, crack 2 propagates into grain 3 with little deflection, and crack 1 and crack 2 coalesce as shown in Fig. 5 (i) . The initiation site of crack 2 is shown in Fig. 5 (k) . It is found that the initiation site is nearby a (hard) boride. Propagation of crack 2 is associated with the extrusion of materials due to the out-of-plane shear as a consequence of out-of-plane dislocation slip, which can be clearly seen in Fig. 5 (l) . Apart from the two features associated with crack initiation and propagation, we can also see the strain accumulation at grain boundaries as indicated by yellow arrows in Strain distribution in strain band IJ in the region highlighted by the rectangle in Fig. 5 (e) was re-plotted in its local coordinates and is presented in Fig. 6 . As shown in Fig. 6 (a) , shear strain ɛ xy is dominant in the strain band at 16000 cycles and no evident localised ɛ xx and ɛ yy strain components can be seen in the strain maps. Similar to Fig. 4 , this dominant shear strain is associated with the sheared γ' in the strain band as shown in Fig. 6 (c) . Although ɛ xy is still dominant in strain band IJ at 20000 cycles, some ɛ yy can be discerned in a small portion of the strain band as pointed out by red arrows in Fig. 6 (a), which may indicate the occurrence of early cracking in this strain band. A clear cracking in strain band IJ can be observed after 23000 cycles, and an example is shown in Fig. 6 (d) , where we can see the coexistence of a crack and sheared γ'. At 31000 cycles, ɛ yy can be found in the most of the strain band, and an increased shear strain ɛ xy can also be observed. In addition, some ɛ xx can be discerned. A semi-quantitative strain distribution in strain band IJ in its local coordinates is presented in Fig. 6 (b) . For the ɛ yy strain component, it can be seen that the value is close to the background noise level before the increase of ɛ yy occurs in a portion of the strain band (which is also shown in Fig. 6 (a) ) at 20000 cycles. And then the increase in ɛ yy spreads through most of the strain band in the following loading cycles. A significant increase of ɛ yy can be seen at 31000 cycles, and this increase is believed to be associated with the crack coalescence which results in a sharp opening of the crack. In terms of ɛ xx and ɛ xy , slight but gradual increases can be discerned after cracking occurred in the strain band (i.e. after 20000 cycles), and a significant increase can be seen at 31000 cycles due to coalescence of cracks 1 and 2 shown in Fig. 5 . Through this detailed analysis, the onset of cracking in a strain band can be identified and prior to that, it is possible to observe how strain accumulates in a strain band during fatigue cycling whilst relating this to the known grain and twin boundary orientations.
The value of such observations/measurements to both initialise and validate crystal plasticity and other microstructural modelling frameworks is clear. 
Strain localisation in the early crack propagation regime
In order to study strain localisation development during the early crack propagation regime, two small notches with dimensions of 30 µm × 1 µm × 10 µm were prepared by FIB at the top central surface of the plain bend bar specimen so as to have specific targeted areas from where to take the reference images before cracks started to propagate. One of the FIBed notches was fabricated at the TB in a large grain with high SF in AOI-N1, and the other one was fabricated at a TB in a relatively small grain with low SF in AOI-N2 as shown in Fig. 1 (c). The reference and deformed images were taken at 5000× magnification to better detect crack propagation. Fig. 7 presents the maximum shear strain evolution at the tip of the notch in AOI-N1. Figs. 7 (a) and (b) show the morphology of investigated AOI-N1 before and at the end of the fatigue test respectively. Grain boundaries and twin boundaries are overlaid on the stitched BEI image in Fig. 7 (a) along with the calculated slip traces of {111} planes according to the EBSD measurements. Due to the relatively large step size (i.e. 2µm) used for EBSD mapping, some grain boundary segments are less accurately overlaid upon the BEI image. As shown in Fig. 7 (b) , a crack initiates from the notch tip adjacent and parallel to the TB and then propagates into neighbouring grains with evident opening displacement in the crack path. There are a few more cracks, one which initiates adjacent and parallel to the TB, and others which mainly initiate from slip bands in grain 8 as indicated by the red arrows.
Figs. 7 (c) -(j) present the maximum shear strain evolution in the region highlighted by the rectangle shown in Fig. 7 (a) , from which it can be seen that the strain evolution is closely related to the crack propagation from the notch tip. Due to the higher magnification used in this case, the whole AOI-N1 shown in Fig. 7 (Figs. 7 (g) -(j) ). As the crack approaches the boundary between grains 8 and 9, the strain band in the neighbouring grain at the crack tip is activated (Fig. 7 (e) ). A widening of the strain band in grain 9 at the crack tip and then separation of the strain band can be found as the crack approaches and propagates into grain 9, accompanied by a slight strain accumulation at the grain boundary between grains 8 and 9 (Figs. 7 (g)-(j)). However, it seems that the crack is arrested (or significantly decelerated) by a TB which has a large inclination angle with respect to the crack path. More detailed analysis of the strain accumulation at the crack tip in grain 9 is shown in Fig. 8 . It can also be seen that there is a failure in the image correlation along the crack path in Figs. 7 (e) -(j) due to the large crack opening displacement as it approaches and
propagates into grain 9. Intensive strain bands are observed adjacent to the crack path in grains 7 and 8 as highlighted by the yellow ellipse in Fig. 7 (j) , more detailed analysis of this feature is shown in Fig. 9 and will be discussed later. Strain distribution in the strain band at the crack tip in grain 9 is presented in its local coordinates and strain components ɛ yy and ɛ xy are shown in Fig. 8 (a) . ɛ xx is not presented due to the lack of differences observed in the strain map of ɛ xx with the increasing loading cycles.
As shown in Fig. 8 (a) , the strain at the crack tip in grain 9 is predominantly shear at 21000 cycles before the crack propagates through the grain boundary. The morphology of the crack tip at 21000 cycles is shown in Fig. 8 (b) , from which we can see intensive slip at the crack tip and the slip terminates at the grain boundary. On further loading by another 1000 cycles,
we can see the appearance of ɛ yy along with the change in terms of the ɛ xy distribution at the crack tip in grain 9. The appearance of ɛ yy indicate an opening in the strain band at the crack tip, i.e. we can unambiguously identify that the crack propagates through the grain boundary and reaches into grain 9. Observation of the crack tip under SEM after 22000 cycles confirms the crack propagation into grain 9 as pointed out by the red arrows in Fig. 8 (c) . As the loading progresses, ɛ yy spreads out along the strain band at the crack tip in grain 9 until 25000 cycles, where it appears that the crack is temporarily arrested by a TB as shown in the ɛ yy map and the morphology of the crack tip at 28000 cycles ( Fig. 8 (d) ). Figs. 9 (a) and (b) display the maximum shear strain distribution in the whole AOI at the tip of notch shown in Fig. 7 (a) at 26000 and 28000 cycles. Intensive strain localisation is discerned in grain 8 which consists of plenty of strain bands apart from the strain bands observed in Fig. 7 . These dense strain bands are parallel to the TB and are associated with the slip system with the highest SF as indicated by the calculated slip traces shown in Fig. 7 . The morphology of these intensive strain bands (as highlighted by rectangle 1 in Fig. 9 (b) ) at the end of the test is shown in Fig. 9 (c) , from which we can see micro-cracking in the strain bands and repeated shear of γ'. At both ends of these intensive strain bands in grain 8, intensive strain accumulation is also seen in neighbouring grains along with crack propagation into neighbouring grains with a small deflection as shown in Fig. 9 (d) . Due to the cracking in these strain bands, it is not possible to correlate the SEM images at these severely deformed regions. It is also interesting to observe that the strain bands and cracks in grains 7 and 10 are close to normal to the loading direction, showing a feature of Stage II crack propagation. Morphology of this seemingly Stage II crack in grain 10 is shown in Fig. 9 (e), which shows micro-cracking along the slip/strain bands nearly normal to the tensile stress direction. 10 shows the strain accumulation at the tip of the notch located at a small grain with relatively low SF in AOI-N2. Unlike the notch in the large grain with high SF, no apparent crack propagation starting from the notch tip is found (Fig. 10 (c) ). As shown in maximum shear strain maps in Fig. 10 (a) , a few strain bands are observed at the notch tip, but these strain bands are insignificant at 6000 cycles. An evident strain band (i.e. strain band PQ) is located through the whole of grain 13, which is associated with the slip system with the highest SF as indicated by the calculated slip traces. At the end of the test (i.e. 28000 cycles), the strain bands at the notch tip appear more significant and penetrate into the neighbouring grain. The strain band PQ also appears to be more profound. Analysis of strain band PQ in its local coordinates shows that this strain band mainly consists of ɛ yy along with a small amount of ɛ xy as shown in Fig .9 (b) . Observation of the notch tip under SEM indicates that the newly appeared strain band in grain 13 is linked to the crack propagation into grain 13 as shown in 
Discussion
Strain measurement with ex-situ SEM-DIC
Strain localisation during the crack initiation regime and at the propagating crack tip in the LSHR alloy has been characterised by SEM-DIC using the secondary γ' precipitates as speckles. These natural speckles provide a high spatial resolution enabling the mapping of strain distributions with sub-micron strain gauge areas. Due to the ex-situ observation throughout the interrupted fatigue tests, a higher noise level (which is shown as vertical bands in the ɛ xx map and horizontal bands in the ɛ yy map in Fig. 3 ) was found in this study compared with that in the in-situ tensile tests reported in [38, 52] . The origin of this kind of noise has not yet been identified. It is reported that the interpolation bias during the image correlation process may produce vertical and horizontal concentrated strain bands [51, 56] , but it seems that it is not the case in this particular study as this would also appear in DIC maps from images taken during the same session and it does not (see Fig. 2 ). It is suspected that this noise might be caused by a slight magnification variation during the imaging between different SEM sessions. More work is still required to justify this assumption. In addition, although studies of strain localisation using SEM-DIC in ex-situ tensile tests on steel and Ni-based superalloy [26, 43, 46] and ex-situ compression tests on Ni-based superalloy [38] have been reported, this kind of noise in the form of vertical and horizon bands was not reported. This may be because of the specifics of the particular SEMs used for imaging. However, compared with the localised strain developed under the cyclic load, a good signal to noise ratio is obtained, which makes it possible to perform an effective qualitative analysis on the relative changes in obtained strain fields. Because of the periodic nature of the bands, it would be possible to remove them by using a narrowband filter in Fourier space, though at the risk of removing also some of the signal which lives in the same frequency range. This was therefore not attempted here but may be a solution for future studies.
Although the SEM images obtained for DIC analysis are from ex-situ fatigue tests which introduce more background noise compared with in-situ tests, it seems that the algorithm employed can cope with the image translation issues. Also, the ZNSSD algorithm can effectively remove the effects of the differences in contrast between the SEM images obtained at different interruption points throughout the fatigue test. Although the obtained strains are residual in nature, they are large enough to lead to a high signal to noise ratio, which is promising for the application of this ex-situ SEM-DIC technique to other materials.
Finally, ex-situ tests provide more flexibility in terms of specimen dimension, load frames, test environments and temperatures compared to in-situ tests, widening the scope of SEM-DIC for materials science studies.
Slip band or crack?
Residual strain evolution with loading cycles in the slip bands shows a tendency to saturation before a crack initiates from these slip bands. The strain localisation preferentially occurs adjacent and parallel to the TB in large grains with a high SF in the early stages of the fatigue life. This is consistent with Miao's [8] and Stinville's [9] study on Rene 88DT alloy and our previous study on the LSHR alloy [16] . Due to the elastic anisotropy across the TB, which causes a relatively high localised stress, strain accumulation preferentially occurs around the TB [8, 38, 57] . Depending on the relative orientation between dislocations and TB, dislocations can slip parallel to the TB or transmit through the TB along with a residual dislocation left at TB [38, 39] . According to the current study as well as in agreement with [38] , it seems that a parallel slip configuration is dominant in the strain localisation process.
We have now observed that the strain localisation adjacent and parallel to the TB usually results in crack initiation at these regions after a strain saturation stage as the fatigue loading proceeds, as shown in Fig. 5 . Once cracking occurs, the strain obtained by DIC tends to increase as the crack propagates, as shown in Figs. 5 and 6, due to the increased crack opening displacement. It is worth noting that over a crack, what is observed is not a 'strain' stricto sensu but a relative crack opening displacement, which does not affect the conclusions made here. However, it should be noted that the DIC correlation coefficient is also related to the crack opening displacement. The DIC algorithm may fail to correlate the deformed to the reference images when the crack opening displacement is too high, as shown in the crack path in Fig. 7 .
The obtained full-field strain distribution has been analysed in both global (associated with the loading direction) and local (associated with the slip/strain bands) coordinates. In the local coordinates, the obtained strain can be linked directly to the dislocation slip on the {111} planes in Ni-based superalloys. In the crack initiation regime, both shear strain ɛ xy and transverse strain ɛ yy (which is normal to the strain band in the local coordinates) are observed depending on the dislocation slip direction on a {111} plane. Although DIC is an in-plane strain measurement method, it appears that the out-of-plane deformation can result in transverse strain ɛ yy in the local coordinates due to the in-plane stretch as a consequence of slip extrusion associated with out-of-plane dislocation slip. Although TEM characterisation of the dislocation configuration has not been conducted in this study, SEM observations in the strain band usually show sheared γ' precipitates in the strain band with a feature of nearly pure shear strain, whereas an extrusion is discerned in the strain band with a feature of dominant transverse strain as shown in Fig. 4 . Such slip extrusions can be seen more clearly by cross-sectioning the slip band with FIB as shown in the Ni-based superalloy Rene 88DT [38] . To better describe the dislocation slip process and correlate the obtained strain field to the dislocation slip, the inclination angle θ between the dislocation slip direction on the activated {111} plane and the slip trace of the {111} plane on the specimen surface (which is in line with the strain band) is defined and can be calculated based on the EBSD measurement. A schematic diagram of the inclination angle θ is shown in Fig. 11 , and θ can be calculated using Equation (2).
where � is the activated slip plane normal, � is the specimen surface normal, and � is the Table 4 . The mean value of ɛ xx , ɛ yy and ɛ xy in the strain bands are measured once the strain bands appear, and are also shown in Table 4 . The measurement of the mean ɛ xx , ɛ yy and ɛ xy ahead of the crack tip has aimed to avoid the cracking region (with the assistance of SEM observation). The ratio of ɛ yy /ɛ xy in these strain bands is plotted against the |cos(θ)| and is shown in Fig. 12 . As shown in Table 4 and Fig. 12 shear/extrusion. This shows that ɛ yy /ɛ xy has a good correlation with the inclination angle θ (|cos(θ)|) calculated by a Schmid factor analysis in general. However, it can be seen that two of the analysed strain bands (as highlighted by red bold font in Table 4 and indicated by red allows in Fig. 12 ) were plotted against the inclination angle θ calculated using the slip direction from the slip system with the second highest SF on the activated slip plane. In Table   4 , it can be seen that the highest and second highest SF associated with these two particular strain bands are only slightly different. A Schmid factor analysis considers the slip systems operating in a grain as if it were a single crystal, unaffected by surrounding grains. The agreement seen for these polycrystalline cases is in itself noteworthy and considering the expected constraint from the surrounding grains in polycrystalline materials during deformation, it is expected that the actual resolved stresses may instead activate the slip system with the second highest SF. Note: The red bold font indicates that the inclination angle θ was calculated using the slip direction from the slip system with the second highest SF. Cracking also causes transverse strain due to the crack opening as shown in Fig. 5 . As shown in strain band IJ, the transverse strain starts to appear after a saturation of the shear strain in this strain band associated with mainly in-plane dislocation slip. In this particular strain band, the appearance of transverse strain indicates the occurrence of cracking in the strain band, which is further verified by SEM observation of the morphology in this strain band. It seems that the transverse strain in the full-field strain map can better predict the location of the crack itself than direct SEM and/or OM observation, as it can be detected before the crack opening displacement is large enough for direct microscopy observation as shown in Fig. 6 . However, the transverse strain is not exclusively related to cracking, the outof-plane shear/dislocation slip has been seen to also result in transverse strain. By combining the inclination angle θ between dislocation slip direction and slip trace at surface and the transverse strain in the full-field strain map, it is possible to use these together as a direct cracking indicator. In the case of nearly in-plane shear, the appearance of the transverse strain is usually related to cracking in the strain/slip band, whereas in the case of nearly out-ofplane shear, further direct microscopy observation is necessary to determine the occurrence of cracking.
Strain accumulation at the crack tip
Strain accumulation at the crack tip has been investigated by introducing artificial cracks at As the crack approaches a GB, it starts to exert an influence on the deformation in the grains ahead of the crack tip due to the stress concentration effect and the more complex stress state of the plastic zone can encompass the neighbouring grains, which can activate slip systems with an apparently relatively low SF (in terms of the globally applied stress, Figs. 7 and 10).
The selection of the crack path ahead of the crack tip depends on both the activated slip systems and the twist/tilt angle of the crack plane when propagating through the grain boundaries. It seems that the twist/tilt angle of the crack plane plays a more important role in crack propagation as it appears that the selection of the crack path tends to minimize this angle based on the observation in this study, which is consistent with Zhai's study [58] . Our previous study on crack path adoption by EBSD also shows that a crack does not propagate exclusively along slip bands with the highest SF slip systems. In some cases, the crack propagates along slip bands with a small inclination angle relative to the previous crack segment, although these slip bands are associated with relatively low SF slip systems in terms of the globally applied stress [16] .
Similar to the crack initiation regime, strain accumulation at the crack tip is predominantly shear if the deformation is associated with mainly in-plane dislocation slip as shown in the strain band in grain 9 in Fig. 8 and strain band in grain 13 in Fig. 10 . Crack advancement at the crack tip is related to the onset of transverse strain and the observed spread of this transverse strain along the slip/strain band as shown in Fig. 8 . Therefore, it may be possible to use the measurement of this transverse strain along with the inclination angle θ as a clear fracture criterion for crack propagation prediction in CPFE (and other microstructural modelling frameworks). However, the employed DIC parameters are used here to highlight the localised strain, and the obtained strain distribution is so localised that current crystal plasticity models cannot directly predict slip/strain bands as shown in this study at a grain level with sub-micron resolution. In order to bridge the gap between these observed experimental results and current CPFE simulation results, it is possible to increase the subset size, step size and the strain window for the DIC analysis to obtain a smoother and more continuous/averaged deformation/strain field (as the CPFE modelling framework assumes).
However this also points to the need for different modelling frameworks such as discrete dislocation dynamics approaches to more accurately simulate the physics occurring during crack initiation and propagation in these systems. It should be noted that the current SEM-DIC observations, by virtue of the inherent scale of the γ' speckle, are in fact still providing an averaged (or smoothed) strain value across a larger area compared to the actual dislocation dynamics causing the strain band formation.
Conclusions
Strain localisation in a P/M Ni-based superalloy, LSHR alloy, has been assessed by SEM-DIC using secondary γ' precipitates as the speckle pattern. Secondary γ' precipitates in Nibased superalloys provide a fine speckle pattern for DIC analysis to achieve a sub-micron resolution in strain measurement. The obtained strain is semi-qualitative as the absolute values are closely related to the employed DIC parameters, however a useful insight into relative changes in strain levels (and strain components) during the early stages of the fatigue process has been achieved.
SEM-DIC can usefully characterise the detail of strain localisation processes occurring during fatigue crack initiation and early crack propagation regimes. Strain localisation preferentially occurs adjacent and parallel to TBs. In-plane dislocation slip usually results in pure shear strain, and out-of-plane dislocation slip mainly results in transverse strain in the local coordinates associated with the slip band.
Cracking is usually accompanied by an increase in transverse strain ɛ yy in the local coordinates of the slip band. Transverse strain ɛ yy in local slip/strain band coordinates along with the inclination angle θ (i.e. the inclination angle between the dislocation slip direction on the activated {111} plane and the slip trace of the {111} plane at the specimen surface) has been shown to be a cracking indicator and can act as a fracture criterion for future CPFE simulations.
Crack propagation is closely related to strain accumulation at the crack tip which is associated with the grain orientation and grain size. Large grains with relatively high SF and long TBs appear to be less resistant to crack propagation compared with small grains with low SF in the short crack propagation regime. Selection of the crack path in an individual grain at the crack tip is determined by both the activated slip system and the crack geometry compatibility when the crack propagates into neighbouring grains.
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